Microwave heating was applied in the oxidative coupling of methane to higher hydrocarbons over alumina supported La 2 O 3 /CeO 2 catalysts. It was found that microwave heating had a dramatic effect on the reaction when methane was converted into C 2 hydrocarbons in the absence of oxygen, with products produced at measured temperatures about 250 • C lower than those observed with conventional heating. It was shown that the reaction in the absence of oxygen occurred primarily in the gas phase and it was the localised heating of the methane that was responsible for the increased reaction rate. However, it was observed that microwave heating did not produce significant "special microwave effects" which affected the product species formed when the oxidative coupling reaction occurred in the presence of oxygen.
Introduction
The conversion of natural gas, of which methane is the major constituent, into value-added chemicals has received great attention in the last 20 years. Although the majority of the work studied has been focused on converting methane into synthesis gas [1] [2] [3] , which can then be converted to higher hydrocarbons through the Fischer-Tropsch chemistry [4] , some other work has shown the alternative route to convert methane directly into higher hydrocarbons by oxidative coupling [5] [6] [7] [8] [9] . In the oxidative coupling process, methane and oxygen are fed over a metal or metal oxide catalyst at moderate temperatures (500-800 • C) to produce mainly ethane and ethylene. The early major study of oxidative coupling was done by Keller and Bhasin [5] in 1982 with numerous metals examined as possible catalysts. Since then, considerable work on oxidative coupling has focussed particularly on rare-earth metal oxides [6] [7] [8] [9] .
The application of microwave heating in heterogeneous catalytic reactions has been investigated since the late 1980s [10, 11] . Studies comparing conventional heating and microwave radiation in the oxidative coupling of methane have been carried out by Bond et al. [12] using a number of basic oxides. The results from all of the catalysts tested confirm that microwave applied to the reaction results in C 2 formation being attained at much lower temperatures with increased selectivity. This significant reduction in reaction temperature exceeds all attempts that have been made so far to improve catalyst activity when conventional heating is employed. Additionally, it has been found that microwave radiation resulted in an increased ratio of ethylene to ethane, which is desirable, and also an increased selectivity of CO at the expense of CO 2 . Roussy et al. [13] have also revealed an enhancement in higher hydrocarbons selectivity in oxidative coupling of methane over microwave-irradiated catalysts. Wan et al. [14] used pulsed-microwave radiation to study the reaction of methane in the absence of oxygen. The reaction has been performed over a series of nickel catalysts, and the products produced appeared to be a function of both the catalyst used and the power and frequency of the microwave pulses. In a study conducted by Chen et al. [15] on the microwave effects on the oxidative coupling of methane over rare-earth oxide catalysts, a change in both the product selectivity and the product species formed was also shown when compared to the conventionally heated reaction.
Although many processes have been developed for the conversion of methane to higher hydrocarbons, it is not yet clear how microwave pulses or continuous microwave heating induces oxidative coupling. The aim of this work has been to investigate the effect of microwave dielectric heating on the oxidative coupling of methane over supported rare-earth metal oxides, with particular attention paid to product species and product selectivities. The degree of oxidative coupling of methane occurring in the absence of metal oxide catalyst (using conventional heating) has also been studied. In addition, experiments have been carried out on the pyrolysis of methane, using both conventional and microwave heating in order to compare the mechanisms operating with and without oxygen present.
Experimental

Materials
Methane (purity 99.0%) and oxygen (purity 99.6%) were purchased from Aldrich. Argon (purified) was supplied by BOC Gas. Activated aluminium oxide (99% Al 2 
Catalyst preparation
The catalyst used in this study was prepared by a two-step wet co-impregnation technique. In the first stage, an appropriate amount of lanthanum salt [La(NO 3 ) 3 ·6H 2 O] solution, which was calculated to produce 10 wt.% of La 2 O 3 loading on the support, was added to the ground alumina (1 g, powder size: 157-178 m). The impregnated alumina was then dried in a tubular furnace at atmospheric pressure, by gradually increasing the temperature from 50 to 105 • C over a period of 3 h. This was followed by an isothermal heating period of 18 h at 105 • C. Once dried, the sample was calcined in a flow of air at 500 • C for a period of 2 h. In the second stage, ceria was impregnated onto the supported sample obtained from the first impregnation with the appropriate amount of cerium salt [Ce(NO 3 ) 3 ·6H 2 O] solution in the same procedure with the first step. After the two steps the alumina supported 10% La 2 O 3 /20% CeO 2 catalyst was obtained.
Characterization of catalyst
The catalysts used in this study were characterised by using a combination of several analytical methods. The surface area was measured, before and after reaction, by the BET method using a Micromeritics ASAP-2000 analyzer. The composition of the catalysts before and after reaction was determined by X-ray powder diffraction using a PW1710 X-ray diffractometer (Phillips Electronic Instruments) with Cu K␣ radiation.
Experimental procedures
All reactions were carried out in a laboratory-scale, continuous-flow reaction system with a tubular packed-bed quartz reactor (10 mm i.d.), which could be placed either in a cylindrical microwave cavity or in a conventional furnace [16, 17] . A directional coupler was inserted into the microwave guide system so that the amount of microwave power reflected from the cavity could be measured. This was minimised by tuning the cavity with two adjustable stubs. The temperature of the catalyst was measured with an Accufiber optical fibre thermometer (Model 10, Luxtron), placed at the centre of the catalyst bed, which was calibrated against a chromel/alumel thermocouple before the catalytic studies commenced.
The product mixture from the reactor outlet was introduced into a quadrupole mass spectrometer (QMS-200D, European Spectrometer Systems) for analysis, which allowed time-resolved monitoring of up to 16 different mass numbers simultaneously. This monitoring system also had two extra channels for temperature/pressure measurements and logging. The relative sensitivity of the mass spectrometer to different gases was obtained by flowing calibrated gas mixtures through the reactor at room temperature in the absence of a catalyst and noting the intensities of the signals. This was done for CH 4 /H 2 /Ar, CO 2 /H 2 /Ar and CO/H 2 /Ar mixtures. The product gas was also analyzed with gas chromatography (Perkin-Elmer 8500 Gas Chromatograph) with the samples being collected using a syringe during the reaction. An FID detector was used and the column consisted of 5% Fluocol phase on a 60/80 Carbopack B support. The compounds analyzed using gas chromatography were methane, acetylene, ethylene and ethane.
All the catalytic reactions were carried out under atmospheric pressure over temperatures ranging from 400 to 1000 • C. The composition of the feed gas mixture was varied by changing the ratio of CH 4 to O 2 , in practice, by varying the flow-rate of the individual gases for different experimental runs, while the flow-rate of the inert gas argon was always kept constant at 30 ml min −1 and the overall gas flow-rate at 60 ml min −1 . The weight of catalyst used in all experiments was 0.50 g.
The methane conversion percentage was obtained by calculating from the QMS mass 16 signal, obtained during reaction and after the reaction was stopped by lowering the temperature to 27 • C. The C 2 H 6 and C 2 H 4 yields were defined as the percent conversion of the total methane flow to C 2 H 6 and C 2 H 4 , and were calculated from the area under the gas chromatography traces. The hydrogen yield was present by the number of moles of hydrogen produced as a percentage of the total number of moles of methane flowing over the catalyst.
In the microwave heating system, the microwaves were relayed to the catalyst bed via a co-axial wave guide that was connected to the tuneable cylindrical microwave cavity. The microwave power output and reflected power were measured at different applied powers for all the catalytic runs in order to determine the power absorbed by the catalyst. For an insulated system that is free of microwave leakages, the microwave power absorbed by the catalyst bed can be obtained from the difference between the output power and that reflected.
Results and discussion
Characterization of catalyst
Surface area measurement
The surface area of the alumina supported 10% La 2 O 3 /20% CeO 2 catalyst was measured before and after the methane oxidative coupling reaction at temperature up to 900 • C. It was found that the surface area of the catalyst was 66.7 m 2 g −1 before reaction, but was reduced to 28.7 and 27.6 m 2 g −1 after the reaction, subject to microwave heating and conventional heating, respectively. This reduction of surface areas is an indication that the structure of the catalyst surface had undergone considerable reconstruction during the reaction.
X-ray diffraction analysis
X-ray diffraction patterns of the alumina supported 10% La 2 O 3 /20% CeO 2 catalyst were obtained before and after each experimental run, using both conventional and microwave heating. An X-ray diffraction pattern was taken with the catalyst sample, which was heated in a methane/argon mixture without oxygen, and the maximum temperatures reached were 1000 • C with conventional heating and 850 • C with microwave heating. Another diffraction pattern was taken after reaction in a 7:1 CH 4 /O 2 gas mixture at a temperature of 1000 • C for conventional heating and 900 • C for microwave heating.
In the diffraction pattern of the catalyst before undergoing reaction, ␥-alumina (2θ: 37.5, 46.7 and 67.3 • ) and cerium oxide (2θ: 28.5, 32.7 and 47.3 • ) were the only crystalline phases detected. The absence of lanthanum oxide peaks is indicative that this material has low crystallinity, which could arise either from a very small particle size or the existence of a thin layer of La 2 O 3 adsorbed on the ␥-alumina particles. This observation was in agreement with the previous studies on the La 2 O 3 /CeO 2 system [18, 19] .
With the diffraction pattern of the catalyst that was conventionally heated to 1000 • C in a 7:1 CH 4 /O 2 gas mixture, additional sharp peaks were observed which corresponded to lanthanum aluminate (2θ: 23.5, 33.6 and 41.4 • ) or cerium aluminate (2θ: 23.5, 33.4 and 41.4 • ). It was difficult to identify which one of these compounds was formed because the XRD peaks for both compounds were very close to one another. However, since the lanthana appeared to be in close contact with the alumina before heating, it is most likely that lanthana aluminate was the aluminate formed. Peaks corresponding to cerium oxide were still evident in the XRD pattern so this material did not seem to have reacted. When the catalyst was microwave heated to 900 • C, the XRD peaks were similar to those obtained after conventional heating except that they were broader and less well defined. This indicated that the catalyst had not been heated to as high a temperature as the conventionally heated sample.
Comparing the diffraction patterns of the catalysts after undergoing reaction in a CH 4 /Ar gas mixture (no oxygen) to 1000 • C under conventional heating, strong reflections corresponding to the formation of aluminates were also seen but the peaks were relatively broader, an indication that only small crystal- lites had formed. The cerium oxide peaks were also still very much in evidence. When the catalyst was microwave heated to 850 • C, not only did the diffraction pattern show remarkably sharp aluminate peaks, but the size of the remaining cerium oxide peaks was also observed to be very much reduced. It was deduced that nearly all of the cerium oxide had been converted into aluminate. This result indicated that the catalyst had been heated to a much higher temperature than was used with conventional heating and this provided evidence for the formation of localised hot spots.
At high temperatures, the conversion of ␣-alumina from ␥-alumina and the formation of CeO 2 /La 2 O 3 solid solutions have been suggested by other researchers [19, 20] . However, these changes were not observed significantly in our XRD studies.
Reaction of methane with oxygen under microwave and conventional heating conditions
Experiments were conducted with methane to oxygen ratios of 3:1 under both microwave and conventional heating conditions. The results are shown in Figs. 1-3. It can be seen from Fig. 1 that the conversion of methane increased with temperature increasing using both microwave and conventional heating methods, whilst the methane conversion was higher under microwave conditions than that obtained using conventional heating at the same measured temperatures. The results obtained by Bond et al. [12] , Roussy et al. [13] and Chen et al. [15] from similar work also showed that reactions under microwave heating conditions at lower temperature than that required with conventional heating. Both Bond and Chen suggested that the explanation for their observations was the formation of "hot spots" that had temperatures very much in excess of the bulk catalyst, stimulating the reaction to occur. In our work the higher conversion of methane under microwave heating conditions compared to that by conventional heating at the same measured temperature was also indicative of the existence of the reaction temperature difference between the two heating methods.
Regardless of whether the catalyst was heated by microwaves or by conventional, the conversion of oxygen was found to be very high especially at high temperatures, i.e. more than 99% at temperatures >800 • C. This observation was in keeping with the previous results [6, 7, 12] and suggested that formation of C 2 occurred under oxygen-limited conditions. Fig. 2 shows the percentage yields of ethane and ethylene as a function of temperature under both conventional and microwave heating conditions. The results illustrated in the figure give a somewhat confusing picture of the effects of microwave heating. It can be seen that ethane was the first hydrocarbon product to be observed, at 500 • C under microwave conditions and at 600 • C with conventional heating, and it reached its maximum at 800 • C in both cases. At 700 • C, ethylene was produced and reached its maximum value at 800 • C under microwave conditions and 900 • C with conventional heating. Acetylene formation was not observed under both heating conditions. It was reported by Chen et al. that acetylene was obtained at temperatures as low as 460 • C when microwave heating was applied although none was observed with conventional heating. In their work, an infra-red pyrometer was used which allowed the temperature measurements to be taken all along the length of the catalytic bed, enabling temperature uniformity to be monitored, where it was only the surface temperature of the catalytic bed that was being measured. Therefore, an accurate measurement of the bulk temperature of the catalytic bed could not be carried out using this method. Thus, the reported temperature of 460 • C where acetylene production was first observed might not be representative of the temperature in the middle of the catalyst bed. It should be noticed, however, that these workers were using different catalysts (nickel on alumina) and the existence of hot spots on these catalysts cannot be ruled out. It will be shown in a later section that the catalyst used in this work could show large hot spot effects when heated with a flow of methane and in the absence of oxygen. Fig. 3 shows the percentage yields of CO and CO 2 as a function of temperature under both conventional and microwave heating conditions. It was observed, at low temperatures, the main products were CO 2 and H 2 O but as the temperature raised, the percentage of CO and H 2 increased to become the predominant reaction at 900 • C and above. The result obtained was in keeping with other researches' results that the formation of CO 2 at low temperature and CO at higher temperature was always observed in methane oxidation [6] [7] [8] [9] . This was due to the thermodynamic equilibrium between CO and CO 2 . In general, the product analysis results showed that most of the methane reacted to give CO 2 , CO, H 2 O and H 2 , and only a small percentage resulted in C 2 hydrocarbon formation. The two main reactions occurring were:
and
A secondary reaction of the reforming of methane with carbon dioxide produced from reaction (1) could also occur:
This could significantly affect the product distribution of the overall process. With a 3:1 methane/oxygen ratio, microwave heating gave a higher percentage of reacted methane than conventional heating at the same nominal temperature. However, this was observed to be almost entirely due to a greater production of CO and CO 2 .
It was also observed that under both microwave and conventional heating conditions at temperatures up to 
900
• C, the catalysts appeared to be quite stable and it was possible to obtain reproducible results, when the temperature was raised and lowered over a period of about 2 h, after an initial period of about 0.5 h.
Reaction of methane without oxygen under microwave and conventional heating conditions
Figs. 4 and 5 show the methane conversion and C 2 yield versus temperature under both microwave and conventional heating conditions in absence of oxygen. It can be seen that microwave heating had a dramatic effect on the production of C 2 hydrocarbons in the absence of oxygen. Ethane production was seen at temperatures as low as 600 • C, some 250 • C below the temperature at which ethane was first detected under conventional heating. As the temperature was raised further, the ethylene signal became dominant with a 14.7% conversion at temperatures between 850 and 900 • C. In contrast to the run using conventional heating, ethane only appeared when the temperature of the reaction exceeded 850 • C, followed by ethylene production between 900 and 1000 • C.
The results observed are in agreement with the results obtained by Marun et al. [21] , Suib and Zerger [22] and Suib [23] . In the oligomerization of methane to higher hydrocarbons carried out by Marun et al. using microwave heating, their results showed arc formation and discharges produced by the catalyst. Ethane was observed to be the major product produced at the beginning of the reaction. However, when arc formation was noticeable, significant selectivity to ethylene and acetylene was obtained. Acetylene production was then seen to increase at high microwave power when arcing was present. This result is in accord with earlier data for the oligomerization of methane via microwave plasmas [24] . The catalyst was also thought to have undergone a change in dielectric properties upon heating in microwave field, and this may have drastically altered their ability to interact with the applied field.
Similar results were also obtained by Suib and co-workers where the arcing process during microwave plasma catalysis of methane was observed to be very selective towards acetylene production. This observation was attributed to the existence of a unique mechanism for the generation of non-thermodynamic equilibria in discharges during catalytic reactions, leading to significant changes in activity and selectivity of the catalyst. Therefore, due to the significant similarities observed with the results obtained in our work and the results obtained from the work reported by Marun et al. and Suib and co-workers, it is plausible to conclude that, in the absence of oxygen, microwave plasma catalysis of methane was responsible for the increase in ethylene and acetylene selectivities when the temperature reached 850 • C. On the other hand, the presence of oxygen in the gas mixture is likely to mop up any free radicals present in the gas phase and therefore, to inhibit plasma discharge and arcing. This would explain why anomalously high temperature and acetylene production were not observed when methane/oxygen mixtures were used.
The methane pyrolysis results are most likely indicative of hot spot formation, that is, the existence of localised parts of the catalyst that are at a much higher temperatures than the surrounding material. When the hot spot is formed the heat generated by microwave irradiation must be dissipated and it is inevitable that significant temperature gradients will exist between the centre and the periphery of the catalyst. However, the analysis [25] on the temperature difference between the catalyst and the gas revealed that this temperature difference was negligible (1.1 × 10 −10 K) mainly due to the rapid heat transfer via the gas phase in a platinum-air-alumina system under microwave heating conditions. Thus, the most likely explanation for the occurrence of these so-called "hot spots" is arc formation leading to discharges between catalyst particles. In addition, if the dielectric loss factor of the component absorbing the microwaves has a high enough temperature coefficient, there is the possibility that inhomogeneous in the electromagnetic field will lead to a localised thermal runaway.
Reaction of methane with oxygen in absence of catalyst
It is important to determine whether a homogeneous or heterogeneous reaction was occurring for understanding the effect of microwave heating on this reaction.
Experimental runs were carried out without the catalyst and the results were compared with the runs carried out in the presence of a catalyst at a methane/ oxygen ratio of 7:1. The results are present in Figs. 6 and 7. Comparison of the two runs showed that ethane was produced at 600 • C with the catalyst present and not until 700 • C when the catalyst was absent. However, ethylene was observed as a product over an identical temperature range whether the catalysts was present or absent, indicating that this particular reaction was occurring in the gas phase.
In the presence of the catalyst, the maximum production of C 2 hydrocarbons occurred at 800 • C, where 14% of the methane had reacted. In the absence of the catalyst, the best results were obtained at 900 • C where 16% of the methane had reacted. Overall, the catalyst did not contribute significantly in improving the yield of the reaction products although it did reduce the temperature at which the reaction could effectively be operated by about 100 • C. Comparison of the two reactions studied showed a slight increase in the percentage of methane conversion when a catalyst was used in the reaction. However, most of the reacted methane was involved in reactions producing CO, CO 2 and hydrogen. This result was observed for both runs, with the runs using a catalyst giving a higher percentage yield of CO, CO 2 and hydrogen.
When oxidative coupling was carried out without a catalyst, the ethane and ethylene products observed were thought to have formed via a gas-phase reaction. Similar work carried out by Lane and Wolf [26] produced results that showed conclusively that oxidative coupling occurred in the gas phase in the absence of a catalyst. Their results also showed that the reaction was not catalysed by the reactor wall materials. In experiments conducted to test the activity of the reactor wall materials and the catalyst support (alumina), it was found that quartz and alumina reactors did not have active sites for the reaction. These results also included quartz wool and quartz chips, materials frequently used for the packing of the reactor. In contrast, they observed that stainless steel reactors significantly affected the reaction results, indicating that the metal walls can act as a catalyst. Acetylene was not observed in their reaction products.
It was also observed by Lane et al. that no reaction occurred for temperatures less than 850 • C when methane was fed without oxygen, and this is consistent with studies on methane pyrolysis that have indicated that methane is converted at temperatures greater than 1000 • C [27, 28] . However, when oxygen was present, methane conversion was observed to occur at much lower temperatures, 600-850 • C. This observation indicated that some type of gas-phase oxygen species was required to activate methane at these lower temperatures.
In general, the selectivity for the formation of C 2 hydrocarbons increases with the increase in CH 4 /O 2 ratios. However, it was found by comparing the data shown in Figs. 2 and 7 that the total C 2 yield at CH 4 /O 2 = 3:1 was slightly higher than that at CH 4 /O 2 = 7:1, e.g. C 2 yield 3.3% at CH 4 /O 2 = 3:1 and 2.4% at CH 4 /O 2 = 7:1 at a temperature of 850 • C. The cause for this difference is still not clear.
Reaction of methane in absence of oxygen without catalyst
In order to propose a reasonable explanation for the effect of microwave heating on this reaction, it is also important to examine the reaction under pyrolysis conditions in absence of oxygen. Experimental runs without a catalyst were carried out and compared to those with a catalyst under conventional heating conditions. The results are depicted in Figs. 8 and 9 . It was found that ethane production was not observed until the temperature exceeded 850 • C, while ethylene was formed at a slightly higher temperature (900 • C). In both cases, the production of ethylene greatly exceeded that of ethane at a temperature of 950 • C. The experiment without a catalyst also gave significant amounts of acetylene (2.4%), which was not observed when the catalyst was present during the reaction.
From the figures it is apparent that the reaction occurring could essentially be a homogeneous gas-phase reaction with the catalyst playing no part in the initial steps of the reaction. Similar to the gas-phase mechanism of the oxidative coupling reaction without a catalyst, the methyl radicals must be formed by the dissociation of methane either through collision with the reactor walls or with another methane molecule. There is another possible interpretation that the quartz wool present, whether or not a catalyst was used, could be acting as an effective catalyst for the formation of the methyl radicals. However, Chen et al. [29] found no difference in the rate of methane pysolysis when their reaction vessel was filled with quartz tubes to increase the surface area of reaction by a factor of 10. This observation is also supported by the study of Lane et al. on the effect of the reactor material affecting the cat- alytic results of oxidative coupling without a catalyst. Based on this evidence, it is very unlikely that the surface of the quartz wool plays a significant part in the reaction. On the other hand, Fig. 8 shows that a higher percentage of methane conversion was obtained when the reaction was carried out with a catalyst. It can be seen from Fig. 9 that the production of hydrogen more than doubled when a catalyst was present. Thus, the catalyst appeared to catalyse the dehydrogenation of methane to form carbon and therefore, has an undesirable effect on the reaction. This result was in keeping with the observation by Otsuka et al. [30] for the partial oxidation of methane using the redox of cerium oxide. In the system with catalysts in absence of gas-phase oxygen supply, cerium oxide could act as oxygen storage and the redox cycle of cerium oxide enabled the direct conversion of methane into synthesis gas and the conversion of CO 2 to CO. The absence of acetylene when the catalyst was present is likely due to the strong adsorption of this compound on the catalyst surface, followed by dehydrogenation to carbon.
These results can be compared with those observed by Back and Back [31] in a static system at a temperature of 765 • C. The course of their reaction was found to develop with time in three stages, all of which occurred before the total conversion of methane had reached 2%. In the primary stage, ethane and hydrogen were the only products observed; in the second stage, the concentration of ethane was seen to reach a plateau whilst the ethylene concentration was still increasing rapidly. Acetylene and propylene were then observed Figs. 8 and 9 , it can be seen that the results of the study here appear to correlate with the second stage of Back's mechanism rather well, except for the observation of acetylene at this stage instead of the third stage. In view of this, the results obtained with the catalyst present appear to be more consistent with a gas-phase reaction rather than a surface-catalyst reaction, with the catalyst playing no part in the initial stages of the reaction. The much lower temperature measured when microwave radiation is used must arise from temperature gradients within the catalyst. These temperature gradients will cause localised heating of the gaseous reactants because of the high rate of heat transfer between the internal surface of the catalyst and the gas phase, as investigated in our earlier work [32] . Fig. 10 shows the output and reflected microwave power as a function of temperature for the supported catalyst. The calculated absorbed power at different temperatures is also plotted in the figure. It can be seen Fig. 11 . Plot of ln(P abs /P in ) vs. 1000/T for the supported catalyst.
Microwave power as a function of the temperature of catalyst bed
that the input power needed to be increased to raise the catalyst temperature up to 800 • C. However, a lower input power was needed to reach 900 • C, while the reflected power decreased. This indicated an increase in microwave heating efficiency at higher temperatures, and may be attributed to the increase in the dielectric loss of the catalyst with increasing temperature [32] .
With microwave heating the fraction of microwave power absorbed over input power was observed to increase approximately exponentially with temperature throughout the temperature range used. Fig. 11 shows an Arrhenius plot of the data, from which an activation energy of 6.8 kJ mol −1 was calculated.
According to Kenkre et al. [33] , the ratio P abs /P in should be roughly proportional to ε eff , and the variation of ε eff with temperature is presented as:
where the constants k A and k M are measures of the contribution made by localised and mobile microwave absorbers, respectively. It can be seen that all the experimental points shown in Fig. 11 lie on a straight line and the data fit well with Kenkre's equation. This result confirms, in further, the strong temperature dependence of the dielectric loss of the catalyst.
Conclusions
The conversion of methane into C 2 hydrocarbons, with and without oxygen, has been investigated using both microwave and conventional heating.
For the oxidative coupling reaction occurring in the presence of oxygen, there was no significant difference between the temperatures at which products were first observed using the two heating methods, nor was there any significant difference in selectivities. Thus, microwave heating showed no significant effects that could make it an advantageous method of heating. When methane was converted into C 2 hydrocarbons in the absence of oxygen, microwave heating was found to have a dramatic effect on the reaction, with products appearing at measured temperatures about 250 • C lower than those observed with conventional heating. This effect was believed to be due to CH 4 plasma formation and arcing, leading to the establishment of a high temperature gradient within the catalyst, with the result that the temperature probe did not record the true temperature at the centre of the catalyst bed. It has been shown that the reaction in the absence of oxygen occurred primarily in the gas phase and it was the localised heating of the methane that was responsible for the increased reaction rate.
The results obtained showed that the magnitude of the temperature gradient set up within the catalyst bed can vary enormously depending on the dielectric loss characteristics of the catalyst. Heating the catalyst in the absence of oxygen seemed to alter the dielectric loss characteristics and increase the temperature difference between the centre and the periphery of the catalyst.
